A protein of 75,000 Daltons with levoglucosan kinase activity was purified from Aspergillus niger. After in-gel digestion by trypsin, a 14-mer peptide was sequenced and analyzed by LC-ESI-MS/MS. Using a primer derived from the 14-mer peptide in combination with Oligo-(dT) 18 , a cDNA fragment was obtained by RT-PCR. A search of the GenBank database indicated that the protein had not been identified before. A similar protein named hypothetical protein FG07802.1 (EAA77996.1) was found to exist in Gibberella zeae by Blastx search. Using a primer derived from the protein, a cDNA fragment of second RT-PCR was cloned into plasmid pAJ401, which was transformed to Saccharomyces cerevisiae H158 and expressed. Two positive levoglucosan assimilating recombinants were selected. The lgk gene was screened and identified.
Introduction
Levoglucosan is very scarce compared to other natural carbohydrates such as glucose, sucrose and fructose. However, cellulosic material such as pure cotton, woody and herbaceous biomass can all be efficiently and rapidly converted into a high yield of pyrolysate with levoglucosan in high concentration under an appropriate pyrolysis condition [1, 2] . Because of its production and potential use as a fermentation carbon and energy source in the fermentation industry, levoglucosan could lead to possible commercial utilization of large quantities of cellulosic materials [1, 3, 4] .
With regard to enzymes involved in the metabolism of levoglucosan, Nakagawa et al. [3] and Kitamura et al. [5, 6] found that yeast and fungi could utilize levoglucosan by converting it to glucose 6-phosphate by a specific kinase. However, little is known about this kinase and its gene (lgk) has not been isolated.
In this paper, we report a protein with levoglucosan kinase activity isolated from Aspergillus niger. We further determined its peptide sequence by LC-ESI-MS/MS and determined the cDNA sequence of the protein. A similar protein was found to exist in Gibberella zeae by Blastx search. By second RT-PCR, the cDNA fragment of lgk was obtained, and then cloned and expressed in Saccharomyces cerevisiae.
Materials and methods

Purification of levoglucosan kinase
A. niger and G. zeae were isolated from soil and maintained on levoglucosan agar slants at 4°C. The . The cells expressing inducible levoglucosan kinase were harvested after 5 h of incubation by centrifugation for 10 min at 8000g. Levoglucosan kinase activities were determined by measuring glucose-6-phosphate formation using a glucose-6-phosphate dehydrogenase coupling system as described by Hirai et al. [7] . The reaction mixture consisted of 100 mM levoglucosan, 2 mM ATP, 1 mM NADPH, 10 mM MgCl 2 , 1 U glucose-6-phosphate dehydrogenase in 50 mM TEA buffer (pH 9.3, 50 mM Triethanolamine-HCl/NaOH, 0.5 mM EDTA, 0.5 mM b-mercaptoethanol and 0.1 mM PMSF). One unit of levoglucosan kinase activity was defined as the amount of enzyme catalyzing the reduction of 1 lmol NADP per minute at 30°C at pH 9.3.
Purification steps for levoglucosan kinase were performed as described by Zhuang et al. [8] with some modification. In brief, cells grown on levoglucosan medium were washed three times with 100 mM TEA and ground using quartz sand at 0°C. After suspension in TEA (100 mM, 4 mL g À1 of wet cells), the cell powder was briefly ground again and then centrifuged at 11,000g for 30 min and the supernatant collected. Solid ammonium sulfate was added to the supernatant to 30% saturation with constant and slow stirring for 1 h. After centrifugation, the supernatant was added up to 65% saturation with ammonium sulfate. The precipitate was dissolved in 10 mM TEA. After centrifuged at 12,000g for 20 min, the supernatant was subjected to dialysis against 10 mM TAE. Next, the supernatant was applied to a fast-flow ion-exchange column (30 · 2 cm, Amersham Biosciences, USA) pre-equilibrated with 10 mM TAE. The protein was eluted with a linear gradient from 0 to 0.5 M NaCl in the same buffer. Fractions containing the enzyme activity were concentrated and desalted into 50 mM TEA. A Sephadex G 100 (Amersham Biosciences, USA) column (100 · 1.6 cm) was further applied for size exclusion.
Preparation and in-gel digestion of purified levoglucosan kinase
Procedures were as described [9, 10] . The fraction containing the enzyme activity was subjected to SDS-polyacrylamide gel electrophoresis. The protein spot was excised from the gel and washed twice with 50 mM NH 4 HCO 3 and 100 mM acetonitrile by vortexing for 20 min. Next, the gel piece was washed briefly with 100 lL acetonitrile to remove any remaining solution, and the shrunken plug was further washed with 100 lL acetonitrile for 10 min. After air drying for 10 min, the gel piece was soaked in a digestion buffer containing 50 mM NH 4 HCO 3 , 5 mM CaCl 2 and 12.5 ng lL À1 trypsin for 45 min at 4°C. The aqueous solution was aspirated and replaced with 20 lL of the same buffer without trypsin. The cleavage reaction proceeded for 16 h at 37°C. Peptides were extracted with 50% acetonitrile (v/v) plus 5% trifluoroacetic acid (v/v) twice (1 h each time) at room temperature and vacuumed at À75°C.
LC-ESI-MS/MS analysis
Peptides generated from tryptic digestion were loaded at high flow rate onto a reverse-phase trapping column (0.3 mm i.d. · 1 mm, containing 5 lm C18 100 Å PepMap packing, LC packings) and eluted through a reverse-phase capillary column (75 lm i.d. · 150 mm column, containing Symmetry C18 300 Å packing) directly into the nano-eletrospray ion source of a quadrupole time-of-flight mass spectrometer (Q-Tof 2, Micromass UK Ltd., Manchester, UK).
Fragment ion spectra were explored in a weekly updated copy of the SPTrEMBL database using the MAS-COT searching tool (Matrix Science Ltd., London, UK) set up with appropriate parameters. The criteria for protein identification were based on the manufacturerÕs definitions (Matrix Science Ltd.). Essentially, peptides with a high probability (Mowse scores exceeding threshold) (p < 0.05) were referred to as ÔhitsÕ. Protein scores were derived from peptide ion scores as a non-probabilistic basis for ranking proteins. Peptides that were not identified by searching the database were sequenced using PepSeq software (Micromass). Initially, full products of ion (MS/MS) spectra were automatically preprocessed with MicromassÕ charge state de-encryption algorithm (MaxEnt-3). Sequence tags were then established to provide the ''cornerstone'' from which the complete amino acid sequencing was extended to cover the C and N termini.
Total RNA isolation and RT-PCR
One hundred fifty milligrams of cells were harvested and washed twice with sterilized water. The extraction of total RNA from A. niger and G. zeae was performed using the EZ spin column total RNA isolation kit (www.sangon.com/products/chanpin/BS583.htm). Total cDNA was obtained according to the instructions of the Toyobo Inc. manual (http://www.toyobo.co.jp/ seihin/xr/lifescience.html).
The transcribed cDNA was used as the template for PCR. The PCR was undertaken using a GeneAmp PCR System 2400 (Applied Biosystems).
Sequencing and analysis of RT-PCR product
The PCR product was cloned and sequenced to determine its identity. The DNA band was excised from the dried gel and purified using the EZ-10 spin column DNA gel extraction kit (BBI, http://www.sangon.com/ products/chanpin/EZ-BS363.htm). The DNA fragment was subcloned into the TA vector of pMD18-T (TaKaRa, http://bio.takara.co.jp/BIO_EN/application. asp?C_ID=C0283&ID=11) and transformed into Escherichia coli DH5a. Recombinants were selected on LB medium with ampicillin, X-Gal and IPTG.
The inserts were sequenced on both strands at the Chinese National Human Genome Center at Shanghai, followed by VecScreen (www.ncbi.nlm.nih.gov) analysis to remove vector-specific sequences. Nucleotide and deduced amino acid sequences were employed to scan the GenBank database (www.ncbi.nlm.nih.gov) using Blastn and Blastx searches.
Construction of pAJ-lgk
Plasmid pAJ401 was digested with EcoRI and XhoI. The lgk fragment was isolated from an electrophoretic gel using the kit mentioned above, and then ligated into the linearized pAJ401 using T4 ligase at 18°C overnight. The recombinant was transformed into E. coli DH5a by the CaCl 2 -MgCl 2 method and selected on agar plates containing ampicillin. The positive recombinant was transformed into an expression strain of Saccharomyces cerevisiae H 158 by LiAc [11] .
The expression of lgk protein possessing levoglucosan kinase activity
The transformed positive strains were cultured in levoglucosan cultural medium containing per litre: levoglucosan 20 g, YNB (yeast nitrogen base, without amino acids) 6.5 g, Leu 30 mg, His 20 mg, Trp 20 mg. The culture was harvested after 3 days. Levoglucosan kinase activities were analyzed as described above.
Results
Purification of a levoglucosan kinase
Levoglucosan kinase was purified from A. niger cell extracts. SDS-PAGE analysis of the purified protein revealed one distinct band of 75 kDa.
Mass spectrometry and peptide sequencing
A peptide map obtained from in-gel tryptic digestion of purified levoglucosan kinase contained 19 prominent peptide ions (Fig. 1) . Although all of the peptide ions were used for database searching, no hit resulted. The signal 750.3, which was a typical peptide peak, was chosen as the target to analyze its structure by LC/MS/MS. Each compound was analyzed in the single MS mode to identify the precursor ion formed by the ESI ion source. When the precursor ion was identified, a fragment ion spectrum (MS) was obtained by introducing energy to the collision cell. ESI-MS/MS offers definitive information about the compound structure. Its fragments and fingerprint information were analyzed by the software Proteinlynx. The results showed that the amino acid sequence of this 14-mer peptide was MAPDQPL-DSAVLSR (Fig. 2) . The peptide sequence was used to search the database in ExPaSy. The result showed that the peptide was similar to some calcium-dependent protein kinases from Zea mays, Arabidopsis thaliana and Psophocarpus tetragonolobus.
Primer design and analysis of the RT-PCR derived sequence
For RT-PCR, the primers used were oligo(dT) 18 and 5 0 -atg gcn ccn gay mar cc-3 0 , which was of corresponding sequence based on the amino acid composition of the peptide previously clarified by MS. Subsequently, total cDNAs transcribed from RNA were used as templates for PCR. The PCR profile was as follows: 5 min at 95°C; 36 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 2.5 min; finally 10 min at 72°C. We obtained a DNA fragment of about 800 bp, the sequence of which has been deposited in the GenBank database under Accession No. AY987027.
Online Blastn failed to reveal a hit. Interestingly, by searching Blastx a similar protein (group 1) existed in eight other organisms including G. zeae PH-1, Magnaporthe grisea, Neurospora crassa and Ustilago maydis (see Table 1 ). Another group of proteins (group 2) which possessed the function of transporter (group 2) also showed similarity with levoglucosan kinase and existed in nine other organisms including five types of fungi, two types of actinomycete and one type of bacteria. Besides proteins of groups 1 and 2, two types of efflux pump (group 3) found in A. flavus and Penicillium citrinum also showed some similarity to the enzyme.
Second step of primer design and RT-PCR
Because hypothetical protein FG07802.1 showed most similarity with the enzyme, its gene was used to design primers for second RT-PCR. The upstream primer was 5 0 -atg gct gct atg gac tct tc-3 0 ; and the downstream primer was 5 0 -tca atc tct gac gac acc tt-3 0 . Sites for restriction enzymes EcoRI and SalI were added to each end, respectively.
The transcribed total cDNA of G. zeae, which had been induced by levoglucosan, was used as the template. The PCR was undertaken as follows: 5 min at 95°C; 36 cycles consisting of 1 min at 95°C, 1 min at 55°C, and 2.5 min at 72°C; finally 10 min at 72°C. A DNA fragment of about 1700 bp was obtained. The purified cDNA fragment was ligated into pMD18-T by T-A complimentary pairing.
The expression of lgk protein possessing levoglucosan kinase activity
The recombinant pMD-lgk enabled the inserted fragment to be digested more conveniently by the designed restriction enzyme sites, eventually benefitting ligation into pAJ401 (5.5 kb). The cDNA was then inserted into pAJ401 between sites EcoRI and XhoI (Fig. 3) . The gene encoding levoglucosan kinase could be directly screened on selective media using levoglucosan as sole carbon source. The positive recombinant was transformed into an expression strain of S. cerevisiae H 158, and two positive recombinants, named S. cerevisiae lgk1 and lgk2, were selected (Fig. 4) . Levoglucosan kinase activity in the two recombinants was analyzed, showing that the activity was only 0.05 IU/mg protein.
Sequencing revealed that the inserted DNA was about 1,700 bp in length and showed 99% identity with DNA sequence of hypothetical protein FG07802.1 from G. zeae PH-1 gi [42555153] . The result showed that the protein FG07802.1 from G. zeae PH-1 possessed the function of levoglucosan kinase.
Discussion
Through LC-ESI-MS/MS analysis and RT-PCR, parts of the cDNA sequence of lgk were obtained. Although lgk showed no similarity to the coding sequence of any protein kinase (Table 1) , some proteins were similar to our protein by blastx, even though they were only hypothetical proteins without any described function or structure (Group 1). However, most of the hypothetical proteins came from fungi and yeast, which were not only phylogenetically closely related to A. niger, but also consistent with the former research of 19 organisms showing phosphorylation activity (5) . Therefore, we may draw the conclusion from the results that the hypothetical protein did exist and possessed the function of levoglucosan kinase activity. Through RT-PCR, and transformation into an expression strain of S. cerevisiae H 158, hypothetical protein FG07802.1 from G. zeae was proven to possess the function of levoglucosan kinase. Since lgk also matched sequences of transporters, current work is directed towards proving levoglucosan kinase possesses the functions of both transporter and kinase, which means that levglucosan kinase can not only transport levoglucosan from the environment into the cell but also phosphorylate levoglucosan to glucose-6-phosphate. Cellulosic biomass is an alternative source of energy because it is both renewable and available throughout the globe in large quantities. Ethanol, as an alternative energy source, is one of the largest by volume that could be produced from cellulosic biomass. Because of the environmental concerns pertaining to gasoline, the importance of ethanol as an engine fuel has increased. The production of fermentatively produced bioalcohols from low-cost biomass such as cellulosic wastes to meet energy demands is an especially attractive alternative [12] . Some cellulose materials could be efficiently and rapidly converted into a high yield of pyrolysate with levoglucosan. Levoglucosan has attracted many investigators because of its potential use as a carbon resource to be converted to ethanol in the fermentation industry. However, no microorganisms have been reported to convert levoglucosan directly to ethanol. In our research, we firstly screened and identified the gene, and then transformed the gene into S. cerevisiae H 158. Two positive recombinants, named S. cerevisiae lgk1 and lgk2, were selected which could convert levoglucosan directly into alcohol, realizing the dream of turning levoglucosan (derived from pyrolysis of cellulose) into alcohol.
Furthermore, levoglucosan is emitted in large quantities during wood combustion and, to a lesser extent, cigarette combustion which could not only impact on human health but also decrease visual range both in urban areas and remote areas. Its stability under simulated atmospheric conditions has been demonstrated and it has been detected in remote locations far from combustion sources. Since levoglucosan has no known noncombustion sources, it would be a very useful tracer for wood smoke in the atmosphere [13, 14] . Simoneit et al. [15] reported levoglucosan as a tracer for cellulose in biomass burning and atmospheric particles by GCmass spectrometric analyses. Now, with the gene of levoglucosan kinase, its use as a molecular biomarker might be applied to evaluate atmospheric pollution of particulate mass by examining the organism community.
